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MinireviewPrime Movers of Synaptic Vesicle
Exocytosis
shed on the vesicle fusion process and its regulation by
Ca2 (Jahn and Sudhof, 1999). The SNARE proteins,
synaptobrevin2/VAMP2 on the vesicle and syntaxin1
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with SNAP-25 on the plasma membrane, are thought to433 Babcock Drive
form trans complexes that bring the vesicle and presyn-Madison, Wisconsin 53706
aptic membrane into close apposition to drive mem-
brane fusion (Weber et al., 1998). Synaptotagmins on
the vesicle provide Ca2-dependent regulation of theChemical synapses contain specialized pre- and post-
core fusion machinery (Jahn and Sudhof, 1999). RRPsynaptic structures that underlie rapid synaptic trans-
vesicles are likely positioned near Ca2 channels en-mission and its modulation. Studies of postsynaptic
gaged with fusion-ready, preassembled SNARE com-organization have revealed a network of interacting
plexes that enable rapid fusion in response to Ca2 entry.proteins that enable rapid synaptic responses and
Less well understood are the events that tether andtheir modulation. Recent genetic and electrophysio-
dock vesicles in the active zone and that confer a privi-logical studies on two active zone proteins—RIM and
leged status upon RRP vesicles. EM tomography in theMunc13—reveal important roles in priming vesicles for
neuromuscular junction provided elegant views ofCa2-triggered fusion and in mediating the regulation
docked vesicles positioned in a protein scaffold con-of this process. This work sheds new light on how
sisting of30 nm “ribs” that are anchored to the presyn-presynaptic structure provides speed and plasticity to
aptic membrane by “pegs” (Harlow et al., 2001), but thesynaptic transmission.
composition of these structures remains to be deter-
mined. At other synapses, deep freeze-etch EM viewsChemical synapses exhibit a great deal of morphological
of the presynaptic matrix revealed a constellation ofdiversity but share the common feature of being highly
filamentous proteins including 100 nm spectrin-likeorganized structures. Synaptic structural specializa-
proteins connecting vesicles to the active zone (Hiro-tions provide the basis for the functional specialization
kawa et al., 1989). Studies of the AZM proteins will pro-of synaptic transmission—great speed and plasticity.
vide important insight into vesicle tethering, docking,The postsynaptic specialization is comprised of a net-
priming, and fusion reactions.work of interacting ion channel receptors, scaffold pro-
Constituents of the Active Zone Materialteins, signal transduction components, adhesion recep-
Molecular studies have identified several proteins thattors, and cytoskeletal constituents (Husi et al., 2000)
localize to active zones (Garner et al., 2000) (Figure 1).that mediate rapid and regulated synaptic responses.
Two of these AZM proteins called bassoon and piccolo/In register with the postsynaptic density—separated by
aczonin are large (400 kd) proteins with zinc finger anda highly structured cleft—is the presynaptic active zone
other potential interaction domains but their functionswhere docked neurotransmitter-filled vesicles are em-
are currently unknown. RIM1 is a 180 kd protein thatbedded in an amorphous matrix (active zone material,
shares homology with bassoon and piccolo/aczonin inAZM) of largely unknown composition. A burst of recent
N-terminal sequences including a zinc finger and, likework on two of the AZM constituents—RIM and
piccolo/aczonin, contains a PDZ domain and two C2Munc13—provide new insight on how presynaptic struc-
domains (Schoch et al., 2002). Munc13 proteins are
ture provides speed and plasticity to synaptic trans-
200 kd proteins that contain C1 and C2 domains (Brose
mission.
et al., 2000). These proteins have the properties (size,
Presynaptic Specializations multiple interaction domains, location) anticipated for
In the presynaptic compartment, synaptic vesicles are AZM scaffolding proteins that play key presynaptic roles
present in several layers at increasing distances from the in directing vesicle function. What are the functions of
active zone. In the first layer, morphologically docked Munc13 and RIM proteins? Recent knockout and elec-
vesicles in physical contact with the presynaptic mem- trophysiological studies indicate that they function to
brane are embedded in the AZM (Landis et al., 1988; confer competence for rapid Ca2-dependent vesicle
Hirokawa et al., 1989). Not all docked vesicles are func- fusion and to mediate aspects of activity-dependent
tionally equivalent, and an important subset, the release- modulation.
ready pool (RRP), mediates transmitter release with Munc13 Mediation of Synaptic Modulation
short latency upon Ca2 entry. The resupply of RRP by Diacylglycerol
vesicles occurs by the “priming” of additional docked The Munc13/unc13 proteins, identified in C. elegans in
vesicles. A second layer of vesicles, contained within a a classical genetic screen for uncoordinated mutants,
cytoskeletal network, constitutes a reserve vesicle pool contain a diacylglycerol/phorbol ester binding C1 do-
that is recruited to resupply the docked vesicle pool main (Maruyama and Brenner, 1991). This raised the
under conditions of continuous high-frequency stimu- possibility that widely reported phorbol ester enhance-
lation. ment of neurotransmitter release was mediated through
The molecular bases for many aspects of vesicle func- Munc13/unc13 rather than protein kinase C. A major
tion are poorly understood. Considerable light has been effector role for Unc13 in synaptic modulation by diacyl-
glycerol was indicated by C. elegans genetic studies
showing that receptor-linked mechanisms that inhibit1Correspondence: tfmartin@facstaff.wisc.edu
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Figure 1. Protein-Protein Interactions in the
AZM that May Mediate Synaptic Vesicle
Priming
AZM constituents shown are spectrin (Sp),
Munc13-1 (13), and RIM (RIM). Core fusion
constituents and accessory proteins shown
are VAMP (V), syntaxin (Syx), Munc18 (18),
and synaptotagmin (Syt). Other membrane-
associated constituents shown are Rab3
(Rab3), Ca2 channels (Ca2), and diacylglyc-
erol (DAG). Points of potential interactions
(see text) are indicated by yellow halos.
(Go-regulated diacylglycerol kinase-1) or enhance (Gq- During repetitive stimulation, synapses frequently ex-
hibit short-term forms of enhancement that are classi-regulated PLC) diacylglycerol production require
Unc13 as a downstream target (Lackner et al., 1999; fied based upon their onset times (Zucker, 1999). Synap-
tic augmentation emerges within seconds and is thoughtMiller et al., 1999). Recent mouse gene knockin studies
by Rhee et al. (2002) show that Munc13 proteins are the to result from accumulated Ca2 and the Ca2-
dependent enhancement of vesicle docking or releasemajor phorbol ester receptors in hippocampal neurons
that mediate phorbol ester augmentation of transmitter probability. The identities of the Ca2 targets that medi-
ate synaptic plasticity have been elusive. The studiesrelease. Patch clamp analyses of hippocampal syn-
apses in Munc13-1/13-2 double knockout animals har- of Rosenmund et al. (2002) suggest that PLC is an impor-
tant new Ca2 target that mediates augmentation. Thisboring a phorbol ester binding deficient H567K
Munc13-1 mutant showed wild-type transmission char- effect of Ca2 may be mediated through PLC, the most
Ca2-regulated of the known PLCs, but this remains toacteristics but the phorbol ester enhancement of evoked
synaptic responses was entirely eliminated. This indi- be determined. The finding that diacylglycerol regulates
Munc13’s priming activity provides an important addi-cates that, at least at certain synapses, phorbol ester
enhancement of transmitter release is mediated through tional link for the pathways of presynaptic modulation
by transmitter receptors coupled to diacylglycerol for-Munc13 proteins.
Rosenmund et al. (2002) demonstrated that augmen- mation or degradation (Lackner et al., 1999; Miller et al.,
1999).tation, a short-term form of plasticity, is mediated by
diacylglycerol regulation of Munc13 proteins. Previous Munc13’s Role in Priming Synaptic Vesicles
While the preceding studies indicated an important rolestudies on synaptic transmission in Munc13-1 knockout
mice revealed an important but partial role for this for Munc13 in mediating the effects of endogenous diac-
ylglycerol, additional elegant studies have placed theMunc13 isoform in the priming of docked synaptic
vesicles in glutamatergic neurons (Augustin et al., 1999). execution point for Munc13 as the priming step in vesicle
fusion. In mice, C. elegans, and Drosophila, Munc13/A subpopulation of glutamatergic synapses and all
GABAergic synapses appeared not to require Munc13-1 Unc13/dunc13 null mutations dramatically reduce
evoked synaptic responses without affecting the levelsfor transmitter release. Rosenmund et al. (2002) now show
that this was due to compensation by Munc13-2 expres- of docked vesicles in the active zone (Augustin et al.,
1999; Richmond et al., 1999; Aravamudan et al., 1999).sion as neurons from Munc13-1/13-2 double knockout
animals exhibit a complete loss of evoked synaptic The RRP pool of vesicles, detected by hypertonic stimu-
lation, is however strongly reduced, indicating that thetransmission. This indicated that a subset of gluta-
matergic synapses employ Munc13-1 without Munc13-2, loss-of-function occurs after vesicle docking but prior to
acquisition of fusion competence. The Munc13 mutantemploy both gene products, and GABAergic synapses
employ only Munc13-2. Surprisingly, synapses domi- phenotypes provide the strongest evidence for a distinct
set of molecular requirements between vesicle dockingnated by Munc13-1 or Munc13-2 exhibited remarkably
distinct short-term plasticity. Whereas Munc13-1-con- and Ca2-triggered fusion. What is the molecular basis
for vesicle priming?taining synapses exhibited a characteristic depression
of EPSCs in response to 1–20 Hz stimulation, Munc13-2- The syntaxin binding properties of Munc13 proteins
are thought to be essential for its role in priming (Brosecontaining synapses exhibited augmentation. Studies
of augmentation in Munc13-2-containing synapses et al., 2000). Presynaptic membrane syntaxin is required
for Ca2-triggered vesicle fusion as a constituent of fu-showed that it was Ca2 dependent and inhibited by a
putative PLC inhibitor. Complementary studies by Rhee sogenic SNARE complexes (Jahn and Sudhof, 1999).
Syntaxin is thought to reside in a high-affinity complexet al. (2002) show that diacylglycerol enhances rates of
vesicle priming and RRP pool replenishment mediated with Munc18 that keeps it in a “closed” conformation
and prevents its entry into SNARE complexes. Primingby Munc13 proteins.
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may involve the transition of syntaxin from “closed” to was essential for events beyond docking that may corre-
“open” states enabling it to enter into prefusion core spond to priming and showed that expression of the
complexes. This implies that the dissociation of Munc18 mutationally stabilized “open” form of syntaxin sup-
from syntaxin represents an important reaction that pressed the physiological defects of RIM mutants.
primes the fusion machinery. Because Munc13 binds to These studies indicate related roles for RIM and unc13
an N-terminal sequence of syntaxin that overlaps with proteins at events between vesicle docking and fusion.
its Munc18 binding site and may bind to Munc18 as The recent characterization of synaptic transmission
well, it has been suggested that Munc13 promotes for- in hippocampal or cerebellar synapses of RIM1 knock-
mation of the “open” form of syntaxin. Consistent with out mice indicate that synaptic transmission is weaker in
this is the bypass of transmission defects in loss-of- mutant compared to wild-type, but the loss-of-function
function Unc13 mutants in C. elegans by expression of was modest compared to the dramatic defects exhibited
a mutationally stabilized “open” form of syntaxin (Rich- by Munc13-1 or Munc13-1/2 double knockouts (Schoch
mond et al., 2001). The syntaxin binding region of et al., 2002). The modest effect on transmission may
Munc13 resides in a highly conserved C-terminal do- result from redundancy with RIM2, a second RIM iso-
main, and studies by Betz et al. (2001) demonstrated form, or with related NIM proteins. However, RIM1
that an overexpressed C-terminal fragment rescued the knockout neurons did exhibit a variety of altered forms
loss-of-function in priming in Munc13-1 knockout neurons. of synaptic plasticity. Enhanced paired-pulse facilitation
Betz et al. (2001) also showed that the N terminus of was observed at CA1 hippocampal excitatory synapses
Munc13-1, an isoform-specific C2 domain-containing
mimicking the Rab3A null phenotype (Schoch et al.,
region not found in the brain Munc13-2 isoform, is im-
2002). Unlike the Rab3A knockout, RIM1 knockouts ex-portant for Munc13-1’s role in priming. This region was
hibited increased paired-pulse depression at inhibitoryidentified as a site for interaction with the AZM pro-
synapses. LTP in CA3 mossy fiber synapses was abol-tein RIM1. Because expression of the RIM1 binding
ished in the RIM1 knockouts as was observed for Rab3Munc13-1 N-terminal domain in hippocampal neurons
knockouts (Castillo et al., 2002). Overall, the phenotypeexerted a dominant-negative effect that suppressed
of the RIM1 null was broader than that of the Rab3Aevoked synaptic transmission at the level of RRP forma-
knockout, indicating roles for RIM1 beyond that of ation, Betz et al. (2001) proposed that, at least for the
Rab3A effectors. This conclusion was reinforced by theMunc13-1 isoform, interactions with RIM1 are essential
characterization of RIM1 interactions with proteins (infor priming synaptic vesicles. The unique N terminus of
addition to Munc13-1 and Rab3A) such as -liprins, re-Munc13-1 and its association with RIM1, not shared
quired for organizing active zones, and synaptotagminwith brain Munc13-2, may account for isoform-specific
I, a regulator of vesicle fusion (Coppola et al., 2001;properties that are conferred upon synapses as reported
Schoch et al., 2002). RIM1 ablation had no effect on theby Rosenmund et al. (2002). Munc13-1 associations with
number of docked vesicles in the active zone, consistentRIM1 could provide increased efficacy to the Munc13-1
with a role for the protein in events that follow vesicleisoform in the priming of vesicles. Brain Munc13-2 may
docking (Schoch et al., 2002; Castillo et al., 2002).be less efficient operating without the benefit of RIM1
Vesicle Location in the AZM as a Key Aspectinteractions, which would allow synapses expressing it
to be particularly sensitive to the enhancing effects of of Priming
activity-dependent diacylglycerol generation. Specific protein-protein interactions in the AZM are now
Essential Presynaptic Functions of RIM pinpointed as important determinants for vesicle prim-
Recent studies have found that RIM itself is essential ing. Munc13 and RIM interactions likely represent only
for presynaptic function. RIM1, initially identified by its part of a larger network of interactions in the AZM that
Rab3A/C binding activity (Rab3-interacting molecule), determine vesicle fusion probabilities. Munc13-1 inter-
localizes to active zones and contains several potential acts with at least seven proteins (RIM1, syntaxin, cal-
protein interaction domains suggestive of a presynaptic modulin, DOC2, an ARF6 exchange factor msec7-1, a
scaffolding protein that coordinates multiple interac- brain-specific spectrin, and Munc18; see Brose et al.,
tions (Schoch et al., 2002). RIM1 interactions with 2000) and RIM1 interacts with at least eight (Munc13-1,
Munc13-1 are mediated through an N-terminal region Rab3A/C, synaptotagmins, SNAP-25, Ca2 channels,
of RIM1 containing the zinc finger domain that overlaps SH3 domain proteins, a cAMP-GEF, and -liprins; see
with its Rab3A/C binding domain.
Coppola et al., 2001; Schoch et al., 2002). RIM1 may
In C. elegans, where a single RIM isoform is expressed
function between vesicle docking and priming by coor-(unc10), loss-of-function mutants exhibit phenotypes
dinating vesicle arrival at the active zone (Rab3A/C) withthat are less severe than, but similar to those of, unc13
vesicle placement near points of Ca2 entry (Ca2 chan-mutants consistent with related roles for the two pro-
nels) and with the preparation of the fusion machineryteins (Koushika et al., 2001). The phenotype of unc10
for Ca2 responsiveness (Munc13, SNAP-25, synapto-mutants is much more severe than rab3 mutants, which
tagmin). Munc13-1 may be positioned through its inter-indicates that RIM is more than just an effector for Rab3.
actions (RIM1, spectrin) to catalyze SNARE complexConstructs encoding RIM that lack either N-terminal zinc
preparation for fusion (syntaxin, Munc18). The specificfinger or C-terminal C2 domains failed to rescue the RIM
positioning of vesicles at the presynaptic membrane innull phenotype, which indicates a multidomain func-
a matrix of protein-protein interactions in the AZM maytional role for RIM. Evoked and spontaneous release at
be the underlying determinant of fusion probability.the neuromuscular junction in RIM null animals were
There is no substitute for being at the right place at thedramatically reduced in spite of wild-type levels of
docked vesicles. Koushika et al. (2001) inferred that RIM right time.
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